A B ST R AC T : Objective: We investigated R2* relaxation rates as a marker of iron content in the substantia nigra in patients with common tremor disorders and explored their diagnostic properties. Methods: Mean nigral R2* rates were measured in 40 patients with tremor-dominant Parkinson's disease (PD), 15 with tremor in dystonia, 25 with essential tremor, and 25 healthy controls. Results: Tremor-dominant PD patients had significantly higher nigral R2* values (34.1 AE 5.7) than those with tremor in dystonia (30.0 AE 3.9), essential tremor (30.6 AE 4.8), and controls (30.0 AE 2.8). An R2* threshold of 31.15 separated tremor-dominant PD from controls with a sensitivity and specificity of 67.5% and 72%. The sensitivity and specificity for discrimination between PD and non-PD tremor patients was 67.5% and 60%.
Diagnosing a tremor disorder accurately is challenging as similar clinical entities can be caused by different diseases. 1 Therefore, in the absence of biomarkers, misdiagnoses between tremor in Parkinson's disease (PD), tremor in dystonia (TiD), and essential tremor (ET) frequently occur. 2 Ioflupane-based single photon emission computed tomography ( 123 I-FP-CIT DAT-SPECT) can assist in differentiating PD from ET and TiD by detecting a presynaptic dopaminergic deficit. 3 In recent years, quantitative magnet resonance imaging (MRI) markers have been studied as widely available, noninvasive, radiation-free alternative.
4 R2* relaxation rate mapping allows to measure iron in a refined and quantitative manner. 5 R2* values in the substantia nigra (SN) have been shown to be increased in PD, 6 ,7 but have not yet been investigated in TiD and are inconclusive in ET, in whom 1 study has reported increased iron in the globus pallidus (GP). 8 The aim of this study was to investigate R2* relaxation rates in the SN of patients with tremor-dominant PD, TiD, and ET and to compare the results to agematched controls. A second goal was to evaluate the contribution of nigral R2* as a neuroimaging biomarker in the diagnosis of tremor-dominant PD and for the differential diagnosis of common tremor disorders.
Participants and Methods

Participants
Patients were recruited as participants of the singlecenter cohort study titled "Prospective Movement Disorders Registry Graz" at the Department of Neurology, Medical University Graz, Austria. Inclusion criteria were a clinical diagnosis of tremor-dominant PD, TiD, or ET following the Queen Square Brain Bank diagnostic criteria for PD 9 and the criteria of the consensus statement of the Movement Disorder Society on tremor for ET and TiD. 1 Tremor-dominant PD was defined as a MDS-UPDRS 10 resting tremor score of ≥2 for at least 1 hand. 11 All patients had an upper-limb tremor and an 123 I-FP-CIT DAT-SPECT had revealed normal (TiD, ET) or abnormal (PD) results within the
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MRI Acquisition
MRI was performed on a 3 T whole-body scanner (TimTrio; Siemens Healthcare, Erlangen, Germany) and included conventional imaging and magnetization transfer imaging (details in Supplementary Data).
Image Processing and Analysis
The R2* image processing has been described previously. 7 The SN was segmented manually by 1 (all cases) or 2 (20 cases; interclass correlation coefficient 0.970) experienced blinded raters. Mask volumes, mean R2* rate constants, and the respective standard deviations were calculated for the SN and GP (details in Supplementary Data).
Statistical Methods
We compared the volumes of the SN masks and the means of R2* values in the SN and GP between all 4 groups using analysis of variance. Next, we compared the means of R2* between 6 pairs of 2 groups using independent t tests and corrected for multiple comparisons using the false discovery rate. 13 P values < 0.05 were considered significant. To evaluate the discriminatory power of nigral R2*, we performed a receiver operating characteristics (ROC) analysis, selected an optimal R2* cutoff value, and compared the frequency of normal and abnormal test results by Fisher's exact (2-sided) test and obtained sensitivity and specificity (details in Supplementary Data).
Results
Demographic and clinical characteristics are listed in Table 1 ) in healthy controls and significantly different over all groups (P = 0.002).
Every participant's individual nigral R2* values are shown in Figure 1A . Significant higher R2* values in the SN were found in tremor-dominant PD when compared with the TiD, ET, and control groups (P < 0.023), respectively. No significant differences were found between ET and TiD, ET and controls, and TiD and controls.
A ROC analysis of nigral R2* (considering as target a diagnosis of tremor-dominant PD over healthy controls) afforded an area under curve of 0.721 (95% confidence interval, 0.598-0.844; see Fig. 1B ). The optimal R2* threshold in this dataset was 31.15. Mean nigral R2* values ≥ 31.15 were indicative of tremor-dominant PD (abnormal test result), and R2* values < 31.15 indicative of healthy controls (normal test result). The diagnostic performance of nigral R2* in this cohort was modest with a sensitivity of 67.5%, specificity of 72.0% (P = 0.002). Comparing abnormal and normal test results between tremor-dominant-PD and a merged group of ET and TiD using the same R2* cut-off score yielded a test sensitivity of 67.5% and a specificity of 60% (P = 0.024). The false positives were 10 patients with ET and 6 patients with TiD. No significant difference was found regarding the frequency of abnormal and normal test results in ET and TID compared to healthy controls (P = 0.426). The positive and negative predictive values of R2* were 79% und 58% between tremor-dominant PD and healthy controls and 63% and 65% between tremor-dominant PD and the merged group of ET and TiD. Mean R2* relaxation rates of the GP were 38.6 AE 5.7 (s ) in healthy controls and did not differ across all groups (P = 0.352). A nonsignificant trend was found for a difference between ET and controls (P = 0.052, uncorrected), whereas all other 2-group comparisons revealed no difference (P > 0.1).
In the PD group, we found a significant correlation for nigral R2* and total MDS-UPDRS and disease duration (see Supplementary Table 2 ). PD patients with normal R2* values had a significantly shorter disease duration, lower MDS-UPDRS total scores, and less symptoms associated with restless legs syndrome (RLS) when compared with the group with abnormal R2* values (see Supplementary Table 3 ). The latter was indicated by a positive answer to item 26 of the Nonmotor Symptoms Questionnaire. 14 
Discussion
In this study, we showed for the first time that the iron content in the SN assessed by R2* is significantly increased in the tremor-dominant PD motor phenotype and is significantly higher in tremor-dominant PD when compared with TiD, ET, and healthy controls. Nigral R2* values in TiD and ET did not differ significantly from healthy controls, suggesting a normal iron load.
So far only 1 study had analyzed the ability of nigral R2* to classify healthy individuals and patients with PD using the ROC, which displayed an area under the curve of 0.67. 6 In our study, ROC analysis displayed an area under the curve of 0.721. After determining the optimal R2* threshold to discriminate PD from healthy controls, we found a modest test sensitivity and specificity of 67.5% and 72%, respectively. False negative test results were more common in PD patients with a disease duration less than 5 years (10/20 patients) compared to those with longer standing disease (3/20 patients).
Using the same threshold for an abnormal or normal test result, we found a test sensitivity of 67.5% and a specificity of 60%, with a considerable overlap between tremor-dominant PD and the other tremor disorders, showing increased nigral iron accumulation in 40% of our ET and TiD patients, respectively. Although abnormal test results were more common in ET and TiD (40%) than in healthy controls (28%), this difference was not significant. Only 1 study has so far investigated brain iron content in patients with ET when compared with healthy controls and found increased values in the GP. 8 We found a trend comparing mean R2* values in the GP between ET and controls (P = 0.052). However, we did not find significant differences comparing all four groups and other pairs of groups, which argues against an additional contribution of R2* in the GP to the diagnostic accuracy in the discrimination of tremor disorders. Previous MRI studies have shown reduced nigral iron in patients with RLS. 15 We investigated if an association of RLS and PD may explain normal R2* values in some patients with PD. Contrary to this assumption, all patients with PD and RLS (n = 10) had abnormal R2* values. This finding favors the argument that RLS could represent a secondary condition of PD. 15 We consider the cross-sectional design, the small numbers of participants, especially in the TiD group, and the lack of an independent validation cohort as limitations of this study. As age has been described in previous studies as influencer of R2*, 16 we used agematched patients. Unfortunately, our cohort did not allow matching for age and disease duration, which is a major limitation of the study. Another limitation is that we did not separate the SN into its pars compacta and pars reticulata subregions. Neuronal loss from the SN pars compacta has been reported to be the particularly related to the clinical features of PD. 17 However, even with improved resolution on 3 Tesla MRI, defining the border between the subdivisions is difficult, 17, 18 and to avoid this controversy we studied the total SN.
Iron accumulation follows an exponential saturation function with only little changes after the fourth to fifth decade. 16 Nevertheless, defining age-dependent nigral R2* cut-off values might help to improve its diagnostic properties. Comparative studies of R2* and quantitative susceptibility mapping suggested that quantitative susceptibility mapping had higher sensitivity for displaying PD-related changes in the SN and correlated better with clinical parameters than R2*. 6, 7, 19 There is evidence that neuromelanin-sensitive MRI, resting-state functional MRI, or evaluation of loss of nigral hyperintensity in dorsolateral parts of the SN on iron sensitive sequences might be helpful for the discrimination of PD from controls. 20 The previously mentioned MRI techniques alone or in combination may also be helpful for the discrimination of tremor-dominant PD from TiD and ET and should be investigated in future studies.
In conclusion, our study revealed a significantly increased nigral iron content in tremor-dominant PD and normal iron content in TiD and ET. However, the low diagnostic accuracy argues against the usefulness of nigral R2* as a single neuroimaging biomarker for diagnosing tremor-dominant PD and its differentiation from TiD and ET.
